Abstract The level of microRNA-93 (miR-93) in tumors has been recently reported to be negatively correlated with survival of lung cancer patients. Considering that the most devastating aspect of lung cancer is metastasis, which can be promoted by transforming growth factor-β (TGF-β)-induced epithelialto-mesenchymal transition (EMT), we sought to determine whether miR-93 is involved in this process. Here, we report that a previously unidentified target of miR-93, neural precursor cell expressed developmentally downregulated gene 4-like (NEDD4L), is able to mediate TGF-β-mediated EMT in lung cancer cells. miR-93 binds directly to the 3′-UTR of the NEDD4L messenger RNA (mRNA), leading to a downregulation of NEDD4L expression at the protein level. We next demonstrated that the downregulation of NEDD4L enhanced, while overexpression of NEDD4L reduced TGF-β signaling, reflected by increased phosphorylation of SMAD2 in the lung cancer cell line after TGF-β treatment. Furthermore, overexpression of miR-93 in lung cancer cells promoted TGF-β-induced EMT through downregulation of NEDD4L. The analysis of publicly available gene expression array datasets indicates that low NEDD4L expression correlates with poor outcomes among patients with lung cancer, further supporting the oncogenic role of miR-93 in lung tumorigenesis and metastasis.
Introduction
Lung cancer is the leading cause of cancer death worldwide. In 2015, an estimated 221,210 new cases of lung and bronchial cancer will be diagnosed, and 158,040 deaths are estimated to occur. Despite intensive research over the past decade, the 5-year survival of patients with lung cancer is only 17 % [1] . Histologically, the majority of lung cancers (75-85 %) are classified as non-small cell lung cancer (NSCLC), in which adenocarcinoma (40 %) and squamous cell carcinoma (30-35 %) are the two most common subtypes of NSCLC [2] . The most devastating aspect of lung cancer is metastasis, which is a complicated and continuous process involving multiple steps [3] . It has been reported that more than 90 % of lung cancer patients had metastasis by the time of their death [4] . Transforming growth factor-β (TGF-β)-induced epithelial-tomesenchymal transition (EMT) is a major contributor to lung cancer metastasis [2] . Therefore, understanding the molecular mechanisms of TGF-β signaling transduction might facilitate the identification of new diagnostic markers and the development of novel therapeutic strategies in the treatment of lung cancer.
miR-93 belongs to the miR106b-25 cluster that has been reported to be overexpressed in different types of cancer, such as gastric cancer, prostate cancer, pancreatic neural endocrine tumor, neuroblastoma, and multiple myeloma [5] . It has recently been reported that miR-93 expression was upregulated in NSCLC cells both in vitro and in vivo studies [6] . miR-93 overexpression has an important role in promoting lung cancer cell growth, and high levels of miR-93 are correlated with poor survival of lung cancer patients, suggesting that miR-93 may play an important role in the tumor progression of lung cancer [7] [8] [9] .
Neural precursor cell expressed developmentally downregulated gene 4-like (NEDD4L) is one of the nine NEDD4-like E3 ubiquitin ligases [10] . The best known and most studied role of NEDD4L is its function as a regulator of ion channel receptors and transporters [11, 12] . Recent studies have shown that NEDD4L also has potential functions in regulating key signaling pathways, such as EGFR, TGF-β, and Wnt pathways [13] [14] [15] . NEDD4L is able to limit the half-life of TGF-β-activated SMADs by regulating the turnover rate of two key mediators, SMAD 2 and SMAD 3 [16] . However, a reduced level of NEDD4L messenger RNA (mRNA) has been reported in lung cancer tissues compared with normal lung tissues [13] , and this low NEDD4L expression is associated with clinical-pathological factors, such as excessive smoking history, histological grade (moderately and poorly), T stage (T2-4), lymph node metastasis, and pathological stage (stages II-IV) [13] , suggesting that NEDD4L may play a role in preventing tumor progression.
In this study, we identified NEDD4L as a direct target of miR-93. Overexpression of miR-93 promoted TGF-β-induced EMT through downregulation of NEDD4L in lung cancer cells, unveiling a novel mechanism for miR-93-promoted lung cancer progression.
Materials and methods

Cell culture and TGF-β treatment
Human lung adenocarcinoma epithelial cell lines A549 and H1650 were purchased from ATCC (Manassas, VA). Cells were grown in RPMI 1640 medium supplemented with 50 U/ml each of penicillin and streptomycin and 10 % (v/v) fetal bovine serum (FBS) and maintained in a humidified atmosphere with 5 % CO 2 at 37°C.
Plasmids, shRNA, and miRNA
To construct wild-type psiCHECK-2-NEDD4L-3′-UTR, a 460-base pair fragment of the 3′-UTR of the NEDD4L gene (positions 1045-1051) that contains the putative miR-93 binding site was cloned into the psiCHECK-2 reporter vector (Promega, Madison, WI), downstream of the Renilla luciferase gene (WT-NEDD4L). To construct mutant plasmids, the putative miR-93 binding site in NEDD4L 3′-UTR was mutated (Mut-NEDD4L) using QuikChange Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA). The insert was sequenced to verify the mutation. NEDD4L short hairpin RNA (shRNA) was purchased from Sigma (St. 
Western blot analysis
Cells were lysed and subjected to western blot analysis as previously described [17] . Briefly, cells were lysed in sodium dodecyl sulfate (SDS) lysis buffer (2 % SDS, 10 % glycerol, 62 mM Tris-HCl, pH 6.8, and a complete mini-protease inhibitor cocktail [ 
RNA extraction and qRT-PCR
Total RNA was extracted using TRIzol reagent (Life Technologies), and the first-strand complementary DNA (cDNA) was generated by the Reverse Transcription System (Promega) in a 20-μl reaction containing 1 μg of total RNA. A 0.5-μl aliquot of cDNA was amplified by Fast SYBR Green PCR Master Mix (Life Technologies) in each 20-μl reaction. PCR reactions were run on the ABI 7900 Fast Real-Time PCR system in the OSUCCC Nucleic Acid Core Facility with the following primers: NEDD4L, forward, 5′-AGA AAC TGC CCA GAG CTC AC-3′, reverse, 5′-TCG CCT CTG CAA AAG TCT GT-3′; GAPDH, forward, 5′-GAAGGTGAAGGTCGGAGT-3′, reverse, 5′-GAAGATGGTGATGGGATTTC-3′. For miRNA detection, the TaqMan MicroRNA Assay Kit (Life Technologies) and miR-93 detection kit (Assay ID: 001090) were used. All quantitative real-time PCR analyses were carried out according to the manufacturer's instructions. The relative expression values of NEDD4L and miR-93 were calculated and normalized to GAPDH and RNU6B (Assay ID: 001093), respectively, in each sample and compared. The experiments were performed in triplicates.
EMT induction
Of A549 or H1650 cells, 1× 10 5 were seeded in 60-mm dishes. After 24 h, the culture medium was replaced with RPMI1640 medium supplemented with 1 % FBS and then treated with 0.5 or 5.0 ng/ml TGF-β (R&D Systems, Minneapolis, MN), respectively, for 3 days. Cells were photographed under microscope and then trypsinized for cell lysate preparation for immunoblotting analysis.
Statistical analysis
Results are presented as the mean±SD for at least three independent experiments for each group. Statistic differences were determined by using ANOVA or two sample t tests for independent samples. P values less than 0.05 were defined as statistically significant.
Results miR-93 targets NEDD4L by directly binding to the 3′-UTR of the NEDD4L mRNA
Since the miR-93 expression level is upregulated in NSCLC tissues compared to the corresponding noncancerous lung tissues [6, 18] and higher miR-93 expression correlates with poor outcome of lung cancer patients, we sought to investigate the molecular mechanisms through which miR-93 exerts its oncogenic effects. We screened its potential targets using several bioinformatics tools, including miRDB, miRNA, and TargetScan. Based on the sequence complementarity to miR-93 seed sequence, we chose NEDD4L as our interest of research (Fig. 1a) , because NEDD4L has been indicated to regulate TGF-β signal transduction [16, 19] , which plays a critical role in promoting lung cancer metastasis. We then determined whether miR-93 is the direct upstream regulator for NEDD4L by using the Dual-Luciferase reporter assay. NEDD4L 3′-UTR with predicted miR-93 binding site or with the mutant binding site was constructed into the psiCHECK2 vector (Fig. 1b) . Co-transfection of A549 cells with miR-93 mimics and psiCHECK-2 containing WT-NEDD4L significantly repressed the expression of Renilla luciferase. When cells were transfected with miR-93 mimics and psiCHECK-2 containing Mut-NEDD4L, the expression of Renilla luciferase was not influenced (Fig. 1c) . These results demonstrated that miR-93 is able to bind to the 3′-UTR of the NEDD4L mRNA for downregulation of gene expression.
We further determined whether miR-93 downregulates the expression of NEDD4L at both the protein level and mRNA level. To this end, we transfected A549 and H1650 cells with either miR-93 inhibitors (miR-93-I) or miR-93 mimics (miR-93-M). Immunoblotting analyses demonstrated an increase of NEDD4L protein level after inhibition of miR-93, while overexpression of miR-93 decreased NEDD4L protein level in both lung cancer cell lines (Fig. 2a, b) . However, although miR-93-M and miR-93-I significantly changed the expression level of miR-93 in lung cancer cells, no change was found in NEDD4L at the mRNA level in both cell lines (Fig. 2c-e) . These data indicate that miR-93 may regulate the expression of NEDD4L by interfering with its mRNA translation, but not mRNA stability [20] .
Downregulating NEDD4L expression enhanced TGF-β signaling in the lung cancer cell line
It has been reported that downregulation of NEDD4L promoted TGF-β-induced phosphorylation of SMAD2 in human HaCaT keratinocytes. To determine whether NEDD4L also inhibits the TGF-β signaling in human lung cancer cells, we knocked down or overexpressed NEDD4L in A549 cell, treated with TGF-β, and detected the phosphorylation of SMAD2, a downstream signaling in the TGF-β pathway. As shown in Fig. 3 , TGF-β treatment significantly increased the phosphorylation of SMAD2. Downregulation of NEDD4L expression further magnified this TGF-β-induced SMAD2 phosphorylation (Fig. 3a) , while overexpression of NEDD4L compromised such TGF-β-induced SMAD2 phosphorylation (Fig. 3b) , indicating that NEDD4L plays an inhibitory role in the TGF-β signaling in lung cancer cells.
miR-93 promotes TGF-β-induced EMT through downregulating NEDD4L expression
In terms of the finding that NEDD4L is a target of miR-93 and can inhibit TGF-β signaling, as well as the fact that TGF-β is able to induce EMT, we attempted to determine whether miR-93 can also enhance TGF-β-induced EMT in lung cancer cells by downregulating NEDD4L. To this end, we first transfected miR-93-M into A549 cells, treated with TGF-β, and then detected the expression of the epithelial marker E-cadherin and the mesenchymal marker vimentin [21, 22] . As expected, a low protein level of NEDD4L was consistently observed in cells overexpressing miR-93 (Fig. 4a) . Although the extremely low dose of TGF-β (0.5 ng/ml) stimulation did not change the expression level of E-cadherin, vimentin expression was increased, indicating that an EMT occurred. Most importantly, A549 cells transfected with miR-93-M displayed a remarkably decreased expression of E-cadherin and an increased expression of vimentin (Fig. 4a, left panel) , indicating that miR-93 promotes TGF-β-induced EMT. In addition, miR-93-overexpressing A549 cells exhibited an elongated mesenchymal-like morphology, which is more obvious than control miRNA-transfected cells, upon TGF-β treatment (Fig. 4b) , further supporting the promoting role of miR-93 in TGF-β-induced EMT. Interestingly, cotransfection of A549 cells with both miR-93-M and NEDD4L-expressing vector counteracted miR-93-promoted, TGF-β-induced EMT, reflected by increased Ecadherin and decreased vimentin expression (Fig. 4a,  right panel) . We further repeated this study using another lung cancer cell line H1650. As shown in in tumors than in normal lung tissues [13] . To further determine the important role of NEDD4L in lung cancer progression, we analyzed the relationship between the NEDD4L mRNA expression level and the survival rate of different types of lung cancers using publicly available datasets (http://kmplot.com/analysis/index.php?p= service&cancer=lung). Kaplan-Meier analyses demonstrated that lower NEDD4L mRNA expression in lung cancer patients is correlated with a poor patient survival rate in the overall survival (OS), as well as progression-free survival (PFS) of lung cancer patients (Fig. 5a, b) . These correlations are more pronounced in patients with adenocarcinoma but not squamous cell carcinoma (Fig. 5c-f ). These data further confirmed the tumor suppressor role of NEDD4L in lung adenocarcinoma and supported the negative correlation between the miR-93 expression level and the outcomes of lung cancer patients.
Discussion miR-93, belonging to the miR-106b-25 cluster, is a novel oncogenic miRNA. The aberrant expression and dysfunction of miR-93 have been reported in many types of human tumors [23] , and the overexpression of miR-93 has been associated with tumor progression, metastasis, and poor prognosis in breast cancer [23] , colorectal cancer [24] , head and neck squamous cell carcinoma [25] , and lung cancer [8] . Through downregulation of multiple tumor suppressor genes, such as FUS1, TP53INP1, EBTB4, and DAB2, miR-93 is able to promote cancer cell growth and invasion [7, 8, 26] . In this study, we demonstrated that miR-93 is able to enhance TGF-β-induced EMT by downregulating NEDD4L, providing a new explanation for the negative correlation between miR-93 expression level and survival of lung cancer patients. TGF-β is secreted by many cell types including macrophages in the tumor microenvironment. TGF-β is a multifunctional cytokine that regulates cell proliferation, differentiation, and tissue homeostasis [27] . TGF-β acts as a potent driver of cancer progression through the induction of EMT [28] , which plays a key role in the early process of metastasis of cancer cells [29] , and allowing migration, extravasation, and metastasis dissemination of cancer cells. Thus, restricting the TGF-β signal transduction in cancer cells should prevent tumor metastasis, while enhancing the TGF-β response would promote tumor progression via EMT. Our finding that miR-93 enhances TGF-β-induced EMT in lung cancer cells further supports the oncogenic role of miR-93 in tumors.
miR-93 has been suggested to downregulate TGF-β signaling because miR-93 can reduce the expression of the mRNA for TGF-βR2 in breast cancer cells [30] and nasopharyngeal carcinoma cells [31] . However, we observed an upregulated TGF-β signaling by miR-93 in lung cancer cells, and this can be attributed to the downregulated NEDD4L. Given that miR-93 has multiple targets, which act in different directions in regulating the TGF-β signaling, it is likely that miR-93 may selectively repress certain genes in different tumors.
NEDD4L is identified as a target of miR-93 in this study. Besides its function as a regulator of ion receptors and regulators, NEDD4L has also been demonstrated to downregulate the TGF-β signaling by facilitating the turnover of activated SMAD2/SMAD3 [16] . The NEDD4L-mediated attenuation of the TGF-β signaling could be one of the contributors to the positive correlation between NEDD4L expression and survival of lung cancer patients. In addition, the association of both NEDD4L and miR-93 levels with lung patient survival further demonstrates the relevance of the miR-93/ NEDD4L pathway in lung cancer progression.
By using the luciferase reporter assay, we revealed that the NEDD4L gene is a direct target of miR-93. We have shown that miR-93 bound to the 3′-UTR of the NEDD4L mRNA directly and decreased NEDD4L expression at protein level but had no influence on its mRNA level. Given that miRNAs inhibit protein synthesis either by repressing translation and/or by facilitating degradation of target mRNA [32, 33] , our results suggest that miR-93 downregulates the expression of NEDD4L by interfering its translation.
In conclusion, our results demonstrated that miR-93 may exert its oncogenic function to increase lung cancer aggressiveness by downregulating the expression of NEDD4L. Reduced NEDD4L alleviates the degradation of the activated SMAD2/SMAD3, enhancing the TGF-β signal transduction and promoting TGF-β-induced EMT (Fig. 6) . Thus, targeting overexpressed miR-93 may serve as a promising therapeutic strategy for treating lung cancer patients. , d) , and squamous cell carcinoma lung cancer patients (e, f) was analyzed, and the Kaplan-Meier plots were generated by Kaplan-Meier Plotter (http://www.kmplot.com)
